About 10% of bipolar cells in salamander retina synthesize and take up k-aminobutyric acid (GABA), and may use GABA as a neurotransmitter. As GABA uptake is electrogenic, bipolar cells expressing GABA transporters (GATs) should give transport current (I GAT ) to extracellular GABA. Using whole-cell patch recording, 28 bipolar cells responded to 30 -200 mM GABA puffed to the axon terminals with a picrotoxin (PTX)-sensitive chloride current (I Cl ) only. Another three bipolar cells had, in addition to I Cl , a PTX-resistant, sodium-dependent current that was completely and reversibly blocked by NO-711, an I GAT inhibitor, indicating that this component was an I GAT . This finding provides further support for a subset of GABAergic bipolar cells in the salamander retina.
Introduction
Bipolar cells in the vertebrate retina transfer signals generated in the photoreceptors to amacrine and ganglion cells in the inner retina. L-Glutamate, an excitatory neurotransmitter, is generally accepted to be used by bipolar cells (see ref. [1] for review). However, neurochemical results suggest that a population of bipolar cells in amphibians may also use k-aminobutyric acid (GABA) as their neurotransmitter. [ 3 H]GABA uptake [2, 3] , glutamic acid decarboxylaseimmunoreactivity (GAD-IR) [4 -6] and GABA-IR [5,7 -10] have been localized to subsets of amphibian bipolar cells. In the retina of the tiger salamander, we have found that about 10% of orthotopic Type I and Type II bipolar cells (soma located in the most distal and middle regions of the inner nuclear layer (INL), respectively) take up [ 3 H]GABA [11] and colocalize GABA-IR with GAD-IR [12] . In addition, a GABA plasma membrane transporter 1 (GAT 1)-IR also colocalizes with GABA-IR in Type I and Type II orthotopic bipolar cells [13] .
Amino-acid neurotransmitters, including GABA, are taken up by ion-coupled transporters either into the cell releasing the transmitter and/or the surrounding glia [14] . The transport of GABA across the cell membrane by GAT is driven by the electrochemical gradients of sodium and chloride ions, with two sodium ions and one chloride ion transported with each GABA molecule [14] . Therefore, the operation of GAT is sodium dependent and accompanied by a flow of current, the GABA transporter current (I GAT ). In retina, I GAT has been recorded from horizontal cells of Skate [15] , tiger salamander [16] and catfish retinas [17] [18] [19] . The presence of high affinity [ 3 H]GABA uptake and GAT 1-IR in salamander bipolar cells suggests that I GAT would also be present. Here, it is reported for the first time, that I GAT was recorded from a population of bipolar cells in salamander retina, in further support for the existence of a subset of GABAergic bipolar cells.
Methods

Retinal slices
Larval tiger salamanders (Ambystoma tigrinum), 150-200 mm long, were maintained at 4°C on a 12/12 h light/dark cycle and fed live goldfish. Care and handling of animals were approved by the Institutional Animal Care and Use Committee (IACUC) in accordance with the NIH guidelines.
Animals were dark adapted for 1 h, decapitated, double pitched and the eye was enucleated under dim red light. Retinal slices were prepared using a procedure similar to that described by Werblin [20] . Briefly, after the lens and iris were removed, the central part of the eyecup was placed on a strip of Millipore filter (type HA, 0.45 mm pore size) with photoreceptor-side up. After removal of the sclera and choroid, the filter paper, together with the retina, was cut into 250 mm-thick slices using an apparatus consisting of a razor blade advanced by a micrometer. The slices were then soaked in bath solution at 4°C for 1 h in the dark. A Millipore strip, with the slice attached, was rotated 90°and its two ends embedded in petroleum gel tracks in the experimental chamber (Model RC-22C of Warner instrument, Mandem, CT), which was then mounted on a fixed-stage Zeiss Axiskop epifluorescence microscope.
Solutions
The bath solution (NaCl saline) contained: 108 mM NaCl, 2.6 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 5 mM N-2-hydroxyethylpiperazine-N%-2-ethanesulfonic acid (HEPES), pH 7.6 adjusted with NaOH. The pipette solution used for whole-cell current recording contained: 108 mM KCl, 0.1 mM CaCl 2 , 0.6 mM ethylene glycol-bis(-aminoethyl ether)-N,N,N%,N%-tetraacetic acid (EGTA), 1 mM MgCl 2 , 2 mM adenosine 5%-triphosphate (ATP, K-salt), 10 mM glucose, 5 mM HEPES and 0.2% Lucifer yellow (LY), pH 7.6 adjusted with KOH. Lucifer yellow was used to visualize the dendrites and axon terminals of the patched bipolar cells. The puffing pipette contained GABA (30-200 mM) dissolved in NaCl saline. All chemicals, except NO-711 which was from Research Biochemical (Natick, MA), were purchased from SIGMA (St. Louis, MO).
Whole-cell recording
Retinal slices were perfused with 22°C aerated saline at a rate of 2 ml/min and viewed through a Zeiss 40 X long working distance (1.7 mm), water immersion objective. The volume of the recording chamber was 0.3 ml. Conventional whole-cell patch-clamp techniques [21] were used. Junctional potential was corrected according to Fenwick et al. [22] . Patch electrodes were pulled in two stages with a vertical electrode puller (Model PP-83, Narashigi, Tokyo) using thin wall microchematocrit capillary tubes (Fischer Scientific, Pittsburgh, PA) with an inner diameter of 1.1 -1.2 mm. The series resistance was 10 -25 MV. A model Axopatch 200A patch-clamp amplifier, pClamp software (version 6.0) and a model 1200 Digidata data acquisition instrument of Axon Instruments (Foster City, CA) were used. The digitized current data were stored in an IBM PC 486 compatible computer. The soma of Type I bipolar cells was chosen for patch recording because their cell bodies are located in the most distal region of the INL and more easily differentiated from horizontal cells by their vertical rather than horizontal extension. The patched cells were LY filled and were photographed at multiple focal planes and camera lucida drawings were produced. Type II bipolar cells, with their cell bodies in the mid-level of the INL, are mixed with amacrine cells and are far more difficult to identify than Type I bipolar cells.
Pressure application of drugs
A pressure of 5-10 psi, controlled by a picospritzer (General Valve, Fairfield, NJ), was used to puff GABA solutions from a glass pipette of tip diameter 1-2 mm. The tip of the puff pipette was moved along the LYfilled axon terminals of the bipolar cell in the inner plexiform layer (IPL) under direct visual control, until a maximum response to the puff was obtained. Fig. 1 shows the cellular localization of GAT 1-IR in salamander retina, which is the same as that reported by Yang et al. [13] . GAT 1-IR was found in outer plexiform layer (OPL), IPL, in somas of amacrine cells, cell bodies in the ganglion cell layer, and in bipolar cells. GAT 1-IR orthotopic Type I (small arrow) and Type II (large arrow) bipolar cells, as identified by the presence of Landolt's club (arrowheads), showed 'ring' shaped labeling. This is expected because GAT 1 is a plasma membrane protein. Figs. 2 and 3 show the results of electrophysiological studies. Among the 31 bipolar cells tested, 28 responded to puff of 30 -200 mM GABA to their axon terminals at IPL with an inward current as long as the cell was held at a negative holding potential ( Fig. 2A and B) . Much smaller current was induced with GABA puffed close to the soma, similar to that described by Lukasiewicz et al. [23] . The current reversed at a holding potential close to 0 mV, the chloride equilibrium potential in our experimental condition, and was completely and reversibly blocked by 200-300 mM picrotoxin (PTX) (Fig. 2C , NaCl and PTX). These results indicate that GABA induced a receptor-mediated Cl − current. All 28 bipolar cells were identified as Type I with LY filling. The axons were stratified in sublamina a6 for 19 cells (OFF-type), in sublamina b6 for 8 cells (ON-type) and in the midstrata of the IPL for one cell.
Results
In three of the 31 bipolar cells, the GABA-elicited inward current was only partially blocked by 300 mM PTX (Fig. 3A) . The PTX-resistant current was, however, blocked completely and reversibly by 1 mM NO-711, a potent GABA transporter blocker. In addition, this current was abolished in a sodium-free saline in which NaCl was substituted with equimolar choline chloride. The amplitude of the PTX-resistant, NO-711-and sodium-sensitive component decreased as the holding potential became less negative and approached zero as the holding potential exceeded +30 mV (Fig. 3B) . The results are consistent with the notion that the PTX-resistant component was due to a GABA transporter, I GAT .
The photomontage picture and camera-lucida drawing of the same bipolar cell described in Fig. 3A and 3B are illustrated in Fig. 3C and 3D . It was an OFF-Type I bipolar cell with its soma located in the distal INL, and axon terminals ramified in sublamina a of the IPL. The axon terminals of the other two bipolar cells responding with I GAT , also were in sublamina a, indicating that they were of the OFF-response type as well.
In nine bipolar cells with LY stained Landolt's clubs but without descending processes, no response was observed with puff of GABA at the IPL, or at the proximal one third of the INL. These indicate that the effect of GABA was only limited to the local region that was close to the tip of the puff electrodes. 
Discussion
I GAT in salamander bipolar cells
The results of this study demonstrate that although all bipolar cells studied contain a PTX-sensitive, GABA receptor mediated current, as reported by Lukasiewicz et al. [23] in salamander, and as well as in other species Fig. 3. (A) : an example of GABA elicited, picrotoxin-resistant, NO-711-and sodium-sensitive current of a bipolar cell. Six records are aligned for comparison. They were recorded in normal NaCl-saline (NaCl), in the presence of 300 mM picrotoxin (NaCl and PTX), in the presence of 300 mM picrotoxin and 1 mM NO-711 (PTX and NO-711), washout of NO-711 with PTX-containing NaCl-saline (Washout NO-711), in choline-saline with 300 mM picrotoxin (Choline and PTX) and finally back to NaCl-saline with 300 mM picrotoxin (NaCl and PTX). The holding potential was − 60 mV. (B): The I-V relation of the same cell shows that the current does not reverse, but is asymptotic to 0 pA at holding potentials ] + 30 mV. (C): The photomontage of the same bipolar cell as filled with Lucifer yellow (LY). LY filled soma, Landolt's Club and dendrites were viewed in combined fluorescence/bright field; desending axon and terminals were viewed in fluorescence. The soma was in the distal region of the INL indicating that this was a Type I bipolar cell. LY-filled axon terminals were confined to sublamina a6 . The arrowhead points to the position of the puff electrode in the IPL. The bright cone to the right of the cell is due to the LY content of the patch electrode that was still attached to the cell. (D): Camera-lucida drawing of the same LY filled bipolar cell. Scale bar =10 mM.
(i.e., see refs. [24] [25] [26] ), there is about 10% of these cells in salamander retina that also contain an I GAT activated by extracellular GABA, a percentage comparable to that found for GABA-IR and GAT 1-IR bipolar cells in this species [12, 13] . I GAT has been recorded from horizontal cells in a variety of lower vertebrate species (e.g. see refs. [15, 16, 18] ). I GAT in salamander bipolar cells is similar to that obtained from catfish cone-driven horizontal cells in that: (1) they were resistant to PTX, (2) sensitive to NO-711 and external Na + substitution, and (3) was inward at negative holding potential and approached zero, without reversal, as the holding potential became more positive [15,17 -19] .
Although this is the first report of I GAT recorded from bipolar cells, a careful check on earlier records of GABA elicited current in bipolar cells from other laboratories, may suggest the existence of an I GAT . In one figure presented by Lukasiewicz et al. ([23] , Fig. 3C ), a GABA-receptor mediated current in a salamander bipolar cell was blocked by PTX in a dose-dependent manner. However, even at 100 mM PTX, there was a substantial residual GABA-induced current that may have been due to the I GAT .
Some considerations of recording in retinal slices
Previously, I GAT was recorded from dissociated horizontal cells [15, [17] [18] [19] , and from pharmacologically isolated horizontal cells in retinal slices [16] . Although I GAT was recorded from bipolar cells in retinal slices in this study, the effect of puff of GABA was only in a limited region around the tip of the puff electrodes in the IPL and would not influence the horizontal cells and photoreceptors that make synaptic contact with bipolar cells in the OPL. Blocking the GABA transporter possibly would induce a higher extracellular GABA concentration due to GABA release from amacrine cells and would thus saturate GABA receptors on the bipolar cell terminals, making them insensitive to an additional puffed of GABA. However, this would not be the case because the bipolar cells that contained a residual current to puff of GABA in the presence of PTX were of the OFF-response type with axon terminals in sublamina a6 of the IPL. In salamander retina, the GABA B receptors were reported to locate only in a subset of bipolar cells with axon terminals stratified in the middle of the IPL [27] . Thus, the residual current should neither derive from GABA B , nor from GABA A and GABA C receptors which already had been blocked by PTX [23] . Then the only possibility left is that it was an I GAT , and this was demonstrated by NO-711 blockage and sodium substitution.
Functional type of bipolar cells that contain the I GAT
The earlier study in which GAD-IR and GABA-IR bipolar cells were injected with LY showed that the axon terminals of these bipolar cells were located with equal probability in subliminal a6 and sublamina b6 of the IPL [28] . The three bipolar cells with I GAT recorded in this study, had their axon terminals located in sublamina a6 . However, over two-thirds (22 of 31) of the Type I bipolar cells, recorded in this study, ramified in sublamina a6 . It is possible that the level of axonal arborization in the IPL is more related to the placement of the soma in the INL than previously thought. I GAT was recorded from Type I bipolar cells because these were more easily identified than the Type II bipolar cells in the retinal slices. Still it is reasonable to presume that I GAT would be found in GAT 1-IR Type II bipolar cells as well.
Possible functional role of bipolar cells with I GAT
GABA-IR bipolar cells in tiger salamander retina are also glutamate-IR [12] . They may release GABA and glutamate, and both act on the postsynaptic receptors. It is also possible that GABA, released from GABAergic bipolar cells could activate both GABA receptors and GABA transporters on the same bipolar cell to form an auto-feedback mechanism. This feedback may or may not be similar to the GABA auto-feedback described for horizontal cells (e.g., see ref. [16] ). GABA auto-feedback in bipolar cells, if it exists, may have important functional significance as the release of glutamate from putative GABAergic bipolar cells could be modulated not only by inhibitory output of neighboring amacrine cells but could also be under the control of the GABA autofeedback.
Summary
Most evidence for the existence of GABAergic bipolar cells comes from amphibians. The presence of I GAT in salamander bipolar cells adds further support to this issue. However, GABA-IR bipolar cells have been observed in cat, primate and human [29] [30] [31] [32] [33] [34] , while GAD-IR bipolar cells have been found in cat as well [35, 36] . Thus, it seems likely that GABAergic bipolar cells are not unique to amphibian retinas but may be a common feature in mammalian retinas too.
